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The optimisation of the performance of products with smart/active functionalities (e. g. in protective
clothing, home textiles products, automotive seats, etc.) is still a challenge for manufacturers and de-
velopers. The aimof this studywas tooptimise the thermalperformanceof aheatingproduct byanumerical
approach, by analysing several opposing requirements and defining solutions for the identified limitations,
before the constructionof thefirst prototype. A transfermodelwasdeveloped to investigate the transportof
heat from the skin to the environment, across a heating blanket with an embedded smart heating system.
Several parameters of the textile material and of the heating systemwere studied, in order to optimise the
thermal performance of the heating blanket. Focus was put on the effects of thickness and thermal con-
ductivity of each layer, and onparameters associatedwith the heating elements, e.g. position of the heating
wires relative to the skin, distance between heating wires, applied heating power, and temperature range
for operation of the heating system. Furthermore, several configurations of the blanket (and corresponding
heating powers) were analysed in order to minimise the heat loss from the body to the environment, and
the temperature distribution along the skin. The results show that, to ensure an optimal compromise be-
tween the thermal performance of the product and the temperature oscillation along its surface, the dis-
tance between thewires should be small (andnot bigger than 50mm), and each layer of the heatingblanket
should have a specific thermal resistance, based on the expected external conditions during use and the
requirements of the heating system (i.e. requirements regarding energy consumption/efficiency and ca-
pacity to effectively regulate body exchanges with surrounding environment). The heating system should
operate in an ON/OFF mode based on the body heating needs and within a temperature range specified
based on the blanket total thermal resistance, external temperature during use, and observed temperature
on the blanket outer surface (safety and energy efficiency aspects).
The approach described in this work enabled the definition of the textile properties, the features of the
embedded heating system, and the overall design of the system thus reducing substantially the number
of prototypes needed for the final performance optimisation and fine-tuning.
© 2015 Elsevier Ltd. All rights reserved.for Materials Science and Technology, EMPA, Lerchenfeldstrasse 5, 9014 St. Gallen, Switzerland.
osmayor@gmail.com (T.S. Mayor).
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One of the most important roles of clothing is to regulate the
heat exchange between the human body and the environment,
allowing the former to reach thermal equilibrium and thus thermal
comfort. However, in many activities, the traditional passive insu-
lation of the clothing can increase the risk of thermal discomfort,
for example, by hampering the sweat evaporation during fire-
fighter exercise or by restricting the wearer's physical activities in
cold environments. This stimulates the demand for solutions with
active temperature control between the body and the environment
[1e4]. There are several ways to control the temperature of the
microclimate between the skin and the clothing, such as: refriger-
ation fluids inside pipes embedded in the clothing [5], materials
that accumulate/release energy (e. g. PCMs e Phase Change Mate-
rials; [6e10]), or heating wires integrated in the garment [11e13].
During the performance optimisation of these systems, often
opposing requirements exist, e. g. batteries with high capacity but
with low weight, systems with low heat losses but high breath-
ability, etc. These opposing requirements demand the production
of several prototypes and increase the duration and number of the
development cycles of the final products. To shorten these cycles
and fine-tune the thermal characteristics of the systems, the
manufacturers and developers of clothing are searching for ap-
proaches that enable and accelerate the optimisation of various
product families with smart/active functionalities (e. g. protective
clothing, home textiles products, automotive seats, etc.).
The numerical simulation of the systems' thermal behaviour is
one of the most promising approaches. Through modelling of the
heat transport across a particular product, several design parame-
ters and different heating methods can be studied in order to
optimise the product performance. Kocbach et al. [14] used a finite
element approach to evaluate the effect of several properties of a
thermal stimulation equipment on the electrical stimulation of
muscles. Couto et al. [13] used an identical approach to enhance the
thermal performance of an electrical-heated mitt. Other models
have been developed concerning how a particular combination of
textile properties affects the body heat loss [15,16], the water dis-
tribution inside clothing [17], the wind chill effect [18e21], and
how the geometric features of the microclimates inside clothing
affect the transport rates from the body [22e25].
To develop electrically heated products several aspects need to
be considered (e.g. heating power, and system operating temper-
ature; [26]). The usual procedure is to construct a substantial
number of prototypes, and to assess their thermal performance by
manikin tests [11,27e29] or human wear trials [11,30]. However,
before themanufacture of the first prototype, a numerical approach
can be used, allowing the identification of performance bottlenecks
and possible solutions to maximise performance. For example, in
the development of heating systems based on heating wires [11,12],
the thermal performance can be improved by adjusting the oper-
ating power [12,28] and considering modifications in the size and
life of the batteries. Alternatively, one can increase the thermal
resistance of the encapsulating layers, minimising heat losses from
the body to the environment. However, this solution may also have
drawbacks if the thermal resistance is increased through the
change of the material thickness, because of the added weight and
decreased breathability [31e33]. Instead, the impact of each heat-
ing element can be optimised by locating the wires in specific body
regions. Hickey et al. [11] reported that heating wires systems
embedded in military boots and gloves enhances the thermal
protectionwhen exposed to temperatures ofe 40 C. These heating
systems impose a constant heat flux [11,12,28], which restricts the
range of environmental conditions in which the user feels
comfortable [12]. This discomfort is especially felt whenenvironmental conditions are substantially different from those for
which the operating power of the heating systemwas specified. To
overcome this constraint, the heating system can be adjustable and
controlled based on the ambient or heating wire temperature, as
reported by Couto et al. [13].
To shorten development cycles and the number of prototypes
manufactured, we developed a numerical approach to study and
improve the performance of a bedding smart system with
embedded heating elements. In this analysis, the effects of the
wires distribution and of the properties of textile layers (i.e. ther-
mal conductivity and thickness) on the product thermal perfor-
mance were studied. Several configurations of the blanket were
analysed in order to minimise the heat removed from the body to
the environment, to ensure a homogeneous temperature distribu-
tion on the skin, and a minimum operating power required by the
heating system. This numerical approach provides valuable infor-
mation about the overall design of apparel heating products.2. Formulation of the problem
The perception of thermal comfort during sleep can be influ-
enced by changes in the conditions of the surrounding environ-
ment (e. g. changes on temperature, relative humidity, and air
velocity inside the room). One way to mitigate the impact of these
changes is to use a blanket with an embedded heating system
(Fig. 1), equipped with adjustable operating power as a function of
the heating needs. During sleep, the blanket must ensure the
wearer's skin temperature is within a comfort range (31e37 C,
[34e36]), even if the thermal conditions change in the room (e. g.
increase of ventilation from awindow). In this scenario, the heating
system must counterbalance the amount of energy removed from
the blanket, so that the user does not feel the environment changes.
This modification in energy supply has several implications both in
the construction of the heating system (e. g. size batteries and
associated electronics) and in terms of safety (e. g. burn hazard).
To minimise heat losses to the environment, the heating ele-
ments should be placed near the skin (Fig. 1). However, such
arrangement increases the local temperature of the skin, which
may lead to substantially lower temperatures in regions of the skin
far from the heating elements. To mitigate this effect, the distance
betweenwiresmust be small to the extent that it does not affect the
stiffness of the final structure (since it is expected for the heating
wires not to be detectable by touch). A compromise between the
thermal performance of the product and the applicability of the
solution should thus be found. To optimise the thermal perfor-
mance of the blanket, the effects of several parameters and prop-
erties of the textile material were studied, such as those influencing
the thermal resistance of each layer (i.e. thickness and thermal
conductivity), and also of parameters associated with the heating
wires operation (e. g. distance between wires, heating power, and
operating temperature).
A transfer model was developed in Section 2.1 to evaluate the
transfer of thermal energy from the skin to the environment, across
a heating blanket with properties as given in Section 2.2.2.1. Transfer model and boundary conditions
The two-dimensional simulation domain (blue dotted line in
Fig. 2) encloses a region of the blanket with one heating wire. The
boundaries 1 and 2 are the skin and the blanket outer surface,
respectively. The energy is transferred by convection (natural
convection) and thermal radiation from boundary 1 to the ambient.
We can express the conservative energy equation for the blanket
control volume by,
Fig. 1. Blanket scheme with heating wires and identification of the parameters defined before the blanket construction [legend: 1 e textile layer, and 2 e heating wires].
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vT
vt
þ Vðktextile$VTÞ ¼ 0 (2.1)
where the first and the second terms represent the energy accu-
mulation rate and the heat transfer rate by conduction, respec-
tively. In equation (2.1), rtextile, Cptextile, and ktextile are respectively,
the density, the specific heat, and the thermal conductivity of the
textile layers. The textile material was assumed homogeneous and
with properties as given in Table 1 (details on textile characteri-
sation are given in Section 2.2). The heating elements were
considered to be made of stainless steel (Table 1) with circular
shape (Fig. 2).
The 2D model considers a boundary (line 1, Fig. 2) exposed to
ambient air at a low temperature (10 C), where heat is removed by
natural convection and radiant exchange while the other boundary
(line 2, Fig. 2) contacts the skin where the body releases a constant
basal heat flux (q:basal ¼ 45 W m2; [35e39]). Numerically, the
former is a Neumann boundary condition (i. e. heat transferred to
the ambient by convection and radiation, equation (2.2)) while the
latter is a Dirichlet boundary condition (i. e. constant heat flux,
equation (2.3)).
ktextile$VT jx¼L ¼ hc$ðT  TambÞ þ εr$s$

T4  T4amb

(2.2)
ktextile$VT jx¼0 ¼ q:basal (2.3)
In equation (2.2), hc is the convective heat transfer coefficient, εr
the emissivity of the outer surface of the blanket, s the Ste-
faneBoltzmann constant, T the temperature of the blanket, and
Tamb the temperature of the environment. The convective heat
transfer coefficient was calculated assuming that the blanket sur-
face is flat, horizontal, and the heat exchange from the surface to
the environment occurs by natural convection (line 1, Fig. 2).Fig. 2. Blanket with two layers (A and B) and integrated heating elements; numerical domain
figure legend, the reader is referred to the web version of this article.)Accordingly, the Nusselt number (Nu) can be expressed [40] by the
expression,
Nu ¼ hc$Lc
kair
¼ 0:54$Ra1
=
4
L (2.4)
where Lc is the characteristic length of the surface (i.e. 75 mm;
[40]), kair the thermal conductivity of air, and RaL the Rayleigh
number (equation (2.5)).
RaL ¼
g$b$

Tsurface  Tamb

$L3c
y2
$Pr (2.5)
The Rayleigh number is function of the temperature of the outer
surface of the blanket (Tsurface), of the air properties at the average
temperature of the fluid, and of the Prandtl number (Pr).
The wire was modelled as a source term, whose value depends
on the type of operation of the heating system: continuous (con-
stant heating power; Section 3.1 and 3.2) and adjustable (function
of wire temperature; Section 3.2). The room temperature was taken
constant (10 C; Fig. 2), and the blanket was assumed in equilibrium
with the room prior to skin contact onset.
To solve the governing equation (equation (2.1)), a finite
element approach was used [41]. The equation was discretized
through a second order discretization scheme. The discretized
equation was solved with a time-step of 1 s, in a grid with 36  103
nodes (found adequate to ensure grid-independent results).
The following section explains the assumptions and experi-
mental procedures used to determine the characteristics of the
blanket layers and wires.and boundary conditions in blue. (For interpretation of the references to colour in this
Table 1
Properties of the blanket (layer A and layer B), and of the heating wires (Fig. 2).
Parameter Unit Layer A Layer B Heating wire Source
Thickness or diameter mm 0.17 5.64 1.00 Experimental [42,43]
Thermal conductivity W m1 K1 4.25  102 3.94  102 44.5a Calculated
Thermal resistance m2 K W1 4.0  103 14.3  102 e Experimental [44]
Density kg m3 358.2 103.6 7850.0a Experimental [43,45e49]
Specific heat J kg1 K1 370.0 622.0 475.0a Calculated [50]
Emissivity e e 0.68 e Estimated [51,52]
a Manufacturer information.
Fig. 3. Skin temperature distribution (along x; y ¼ 0 mm; Fig. 2) for several distances
betweenwires (12.5, 17.0, 25.0, and 50.0 mm) in steady-state, with a heat flux ensuring
an average skin temperature of 34 C.
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elements
The properties of the blanket layers and the characteristics of
the heating wires are summarised in Table 1.
The thickness, density, thermal resistance, and thermal con-
ductivity of the inner and outer layers of the blanket (layer A and B,
Table 1) were determined by experimental procedures [43], while
the specific heat was estimated under equilibrium conditions
(20 C and relative humidity of 65%, [50]). The emissivity of the
outer surface of the blanket was assumed 0.68 (i.e. typical values of
textile emissivity are reported in literature between 0.68 and 0.90;
[51e53]).
The textile thickness (L; Table 1) was measured with an appa-
ratus featuring a pressure-foot exerting a specific pressure on the
textile [47,49,54]. The measurements were conducted according to
the standard ISO 9073-2: 1995 [42] and applying a constant pres-
sure of 1.1 kPa to the textile.
The textile density (Table 1) was calculated by weighing a
known volume of sample [45e49], after stabilisation of its moisture
content (by exposure to air environment at 20 C and 65% of rela-
tive humidity).
The thermal resistance of the textile (Rct,textile; Table 1) was
obtained by an indirect measurement, based on the international
standard ISO 11092:1993 (E) [44]. By definition, the thermal resis-
tance of a flat textile is directly proportional to its thickness, and
inversely proportional to its thermal conductivity (ktextile),
Rct; textile ¼
L
ktextile
(2.6)
The thermal conductivity of the textile was calculated by
equation (2.6).
The properties of the heating wires (thermal conductivity,
density, and specific heat; Table 1) were estimated based on
manufacturer specification sheets.
3. Optimisation of the apparel heating system
The model described in Section 2.1 was used to simulate the
heat transfer across a blanket with embedded heating elements. In
Section 3.1, the effects of the wires distribution and of the proper-
ties of textile layers (i.e. thermal conductivity and thickness) were
studied. In Section 3.2, several configurations of the blanket were
analysed in order to minimise the heat removed from the body to
the environment, to ensure a homogeneous temperature distribu-
tion on the skin, and a minimum operating power required by the
heating system.
3.1. Influence of the wires distribution and apparel thermal
properties on skin temperature
To study the influence of the distribution of heating wires inside
the blanket on the temperature along the skin, four distancesbetween the wires were tested in steady-state, for an overall
operating power ensuring an average skin temperature of 34 C.
The properties of each layer of the blanket and wires are shown in
Table 1.
Fig. 3 shows how the distance between the heating elements
affects the temperature distribution along the skin, being the
highest temperature in the region adjacent to the heatingwires. For
large distances between wires (e. g. 50 mm) the average skin
temperature of 34 C is achieved only when a maximum temper-
ature of 70 C is attained near the heating element (50 mm, Fig. 3),
something unacceptable for safety reasons.
For distances of wires between 17 mm and 50 mm, the
maximum temperature in the skin is still greater than 40 C (Fig. 3),
which could still cause pain to the user [36]. To avoid this, the wires
distance must be less than 12.5 mm apart. For the current condi-
tions, a distance of 12.5 mm and an average operating power of
42.3 W m2, ensures an average skin temperature of 34 C. How-
ever, the distance in question may raise concerns in terms of con-
struction of the blanket (due to limitations in productionmachines)
and its mechanical structure (which can become very rigid and
heavy). Therefore, other solutions allowing for a bigger distance
between the wires were pursued, e.g. by changing the thermal
resistance of the layer between the heating wires and the skin. The
effect of the thermal resistance of the inner layer of the blanket (A,
Fig. 2) was analysed by changing its thickness and its thermal
conductivity. For each pair of layer thickness - distance between
wires, the operating power of the wires and the thermal conduc-
tivity of the inner layer, that ensures amaximum oscillation of 10 C
in the skin temperature (Fig. 4), were calculated.
As shown in Fig. 4, an inner layer of 1 mm and a distance be-
tween wires of 12.5 mm implies that the thermal conductivity of
the layer must be 0.03 W m1 K1, for the skin temperature to
oscillate by 10 C along its surface. However, when the distance
between wires increases to 50 mm, the required thermal
Fig. 4. Minimum thermal conductivity of the inner layer (A, Fig. 2) for several dis-
tances betweenwires (12.5, 25.0, and 50 mm) that ensures an oscillation of 10 C along
the skin surface, for various inner layer thicknesses (0.17, 1.00, and 5.64 mm), and
constant thickness of the outer layer (5.64 mm, Table 1).
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have a relatively low thermal conductivity (between 0.03 and
0.09 W m1 K1, [55]), Fig. 4 shows that, to achieve a maximum
oscillation of 10 C along the skin, the distance betweenwires must
be smaller than 50 mm or the thermal resistance of the inner layer
must be substantially higher than 4.0  103 m2 K W1 (Table 1).
However, if the thermal resistance of the inner layer is increased
without increasing also the thermal resistance of the external layer,
a bigger proportion of the heat released by the wires would be lost
to the environment. This would diminish the system efficiency, so,Table 2
Thermal resistance of each blanket layer for a distance between wires of 50 mm (Fig. 2)
Configuration Layer A
Thickness [mm] Thermal resistance
I 0.17 4.0  103
II 2.82 7.2  102
III 2.82 7.2  102
IV 2.82 7.2  102to avoid it, the properties of the outer layer (B, Fig. 2) should also be
optimised. In the following section, different configurations for
both layers of the blanket were analysed in order to optimise the
performance of the heating system.
3.2. Influence of different apparel configurations
The results shown in Section 3.1 indicate that the distance be-
tweenwires must be small enough to ensure a narrow temperature
oscillation along the skin surface. However, due to construction and
ergonomics concerns, preference was given to a distance between
wires of 50 mm. To reduce the temperature oscillation, the thermal
resistance of the inner layer was increased (despite the associated
decrease in the heating system performance) and further attention
was put on the properties of the blanket outer layer. In this section,
the effect of the thermal resistance of both layers in skin temper-
ature was studied, for four blanket configurations as shown in
Table 2. In configurations II, III, and IV (Table 2), both layers are
made of the same material (thus having the same thermal con-
ductivity), while in configuration I the fibres of the inner layer are
different from those of the outer layer (Table 1).
The increasing distance of the heating elements relative to the
skin implies that, from configuration I to II (Table 2), the energy lost
to the environment increases, and consequently, more energy must
be supplied by the heating system (in this case, an increase of
19 W m2, Fig. 5). However, there is a decrease in the maximum
skin temperature (around 12.8 C) while the minimum tempera-
ture remains constant, since the total thermal resistance of the
blanket is approximately the same for both configurations (Table 2).
To reduce the heat losses to the environment, the thermal
resistance of the outer layer was roughly doubled (from configu-
ration II to III, Table 2). The heat flux needed to maintain the
average skin temperature around 34 C decreased by 34 W m2
(from configuration II to III; Fig. 5) and the maximum temperature
on the skin also decreased from 56.8 to 44.9 C, the latter being, yet,
still very high [36]. To diminish further the maximum temperature
in the skin, the thermal resistance of the outer layer was further.
Layer B
[m2 K W1] Thickness [mm] Thermal resistance [m2 K W1]
5.64 14.3  102
2.82 7.2  102
5.92 15.0  102
7.89 20  102
Fig. 5. Skin temperature distribution (along x; y ¼ 0 mm) for four blanket configu-
rations (Table 2) in steady-state, with heat fluxes that ensure an overall skin temper-
ature of 34 C (distance between the wires ¼ 50 mm).
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resulting decrease in temperaturewas only of 3.6 C (Fig. 5), and the
maximum skin temperature was still above 40 C (threshold for
pain, [36]).
No further increases of the thermal resistance of the outer layer
were considered since, for configuration IV, the heating power is
already very low (18 W m2, Fig. 5), thus, indicating that a more
insulating layer would render the heating system unfit for control
the body heat loss. Alternatively, we studied an ON/OFF operation
mode of the heating system. The system is ON (i.e. providing heat)Fig. 6. Wire and skin temperature over time for the configuration III and IV (Table 2) wit
temperature of two different zones of the skin (dot 1 and 2); distance between the wires ¼until a given maximum temperature of the wires (Tmax) is reached,
after which the system is OFF (until a given minimum temperature
is reached again, Tmin). The specification of the operating temper-
ature range prevents the skin temperature from exceeding 40 C (to
avoid risk of burns).
In Fig. 6, the wire and skin temperatures are shown for the
configurations III and IV (Table 2) with the heating system oper-
ating in the mentioned ON/OFF mode (based on the temperature of
the wire). The system was adjusted to ensure a maximum tem-
perature in the skin of 37 C (Fig. 6b and d), providing heating when
thewire temperature drops to 32 C (Fig. 6a and c) and as long as its
temperature is below the maximum defined value (which depends
on the thermal properties of the blanket layers). For example, for
the blanket configuration with lower thermal resistance (configu-
ration III, Table 2), a skin temperature of 37 C (skin zone 1, Fig. 6b)
is reached when the wire temperature is 39.8 C and 40.7 C, for
constant heat flux of 50 and 100 W m2, respectively (Fig. 6a).
When considering the configuration with the higher thermal
resistance (configuration IV, Table 2), the mentioned 37 C on the
skin is reached (skin zone 1, Fig. 6d) at lower wires temperatures,
i.e. 38.5 C and 39.3 C, respectively (Fig. 6c). The minimum tem-
perature in regions of the skin farthest from the heating wires is in
all the cases lower than 32 C (skin zone 2, Fig. 6b and d).
In all scenarios evaluated in Fig. 6, the skin temperature near the
heating elements is within the values reported as comfortable (31
and 37 C; [34e36]). The results shown in Fig. 6 indicate that, for a
50 mm distance between wires, the configuration IV of the blanket
(Table 2) is the most interesting of the two analysed, giving the
lowest oscillation of temperature along the skin (between 30.4 and
37 C, i.e. skin zones 1 and 2 of Fig. 6, respectively).h different heating power; a) and c) temperature of the heating wire, and b) and d)
50 mm.
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textile properties (thickness and thermal conductivity), the fea-
tures of the embedded heating system (heating power and oper-
ating temperature), and the overall design of the system (wires
distribution), that optimise its performance as a way to control the
body heat exchange with the surrounding environment. The
described numerical approach allows to substantially reduce the
number of prototypes needed for the final performance optimisa-
tion while enabling to accommodate increasingly shorten devel-
opment cycles.
4. Conclusions
A numerical analysis was developed to study and optimise the
thermal performance of a blanket with an embedded smart heating
system. The numerical approach allowed the prediction of the skin
temperature as a function of the blanket properties (thermal con-
ductivity, thickness, external emissivity) and of the features of the
heating elements (position relative to the skin, distance between
wires, heating power, and operating temperature). The results
show that to design a heating blanket with an embedded heating
system one should:
(i) Put the heating elements as close as possible (but not further
than 50 mm), within relatively insulating layers to damp
temperature oscillations along its surface;
(ii) Specify the thermal resistance of the layers based on the
expected external conditions during use, and the re-
quirements of the heating system (i.e. requirements
regarding energy consumption/efficiency, and capacity to
effectively regulate body exchanges with surrounding
environment);
(iii) Design the system to operate in an ON/OFF fashion based on
heating needs and prevailing external temperatures during
use;
(iv) Specify temperature ranges for operation of the system
based on the chosen blanket total thermal resistance and
observed temperature in the blanket outer surfaces (safety
and energy efficiency aspects).
The described approach enabled to address performance and
developments aspects in the optimisation of an apparel product
with an embedded heating system. The numerical approach
allowed to substantially reduce the number of physical prototypes
needed for the final performance fine-tuning, which is critically
important in optimisation activities (e. g. of protective clothing or
sports apparel).
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Nomenclature
g: gravitational acceleration [m s2]
hc: convective heat transfer coefficient [W m2 K1]
kair: thermal conductivity of air [W m1 K1]
ktextile: thermal conductivity of textile [W m1 K1]
q:basal: basal metabolic rate [W m
2]
t: time [s]
x, y: coordinates [m]
Cptextile: specific heat of textile [J kg1 K1]
L: thickness [m]
Lc: characteristic length [m]
Nu: Nusselt number [e]
Ra: Rayleigh number [e]
Rct: thermal resistance [m2 K W1]
Pr: Prandtl number [e]
T: temperature [K]
Greek letters
εr: emissivity [e]
rtextile: density of textile [kg m3]
s: StefaneBoltzmann constant [m2 kg s2 K1]
y: kinematic viscosity of air [m2 s1]
b: coefficient of volume expansion (b ¼ 1/Tfilm) [K1]
